In an effort to measure the masses of planets discovered by the NASA K2 mission, we have conducted precise Doppler observations of five stars with transiting planets. We present the results of a joint analysis of these new data and previously published Doppler data. The first star, an M dwarf known as K2-3 or EPIC 201367065, has three transiting planets ("b", with radius 2.1 R ⊕ ; "c", 1.7 R ⊕ ; and "d", 1.5 R ⊕ ). Our analysis leads to the mass constraints: M b = 8.1
1. INTRODUCTION The characterization of a planet starts with the measurement of its mass and radius. Without these two quantities, we cannot even begin to answer the most basic questions about the planet's internal structure, atmospheric composition and formation history. Of particular interest are planets with radii in the range of 1-4 R ⊕ , known as "super-Earths" or "subNeptunes." Despite being the most frequently occurring exoplanets within 1 AU of solar-type stars (e.g. Petigura et al. 2013; Howard et al. 2012; Fressin et al. 2013) , they have no known counterparts in our solar system. Moreover, traditional core accretion models have trouble explaining why these planets did not undergo runaway accretion that would have led to the formation of gas giants (Mizuno 1980; Rafikov 2006; Bodenheimer & Lissauer 2014; Inamdar & Schlichting 2015; Lee & Chiang 2015) . Detailed characterization of these planets will shed light on these mysteries.
Only a few dozen Doppler mass measurements of planets smaller than Neptune have been reported (see, e.g., Marcy et al. 2014; Howard et al. 2013; Pepe et al. 2013; Dressing et al. 2015; Motalebi et al. 2015; Gettel et al. 2016; Weiss et al. 2016) . The number has been limited because of the relative faintness of the host stars of the known transiting planets. The ongoing NASA K2 mission (Howell et al. 2014 ) is gradually providing a larger sample of stars which are bright enough to be amenable to precise Doppler follow-up observations. In this paper, we present new Doppler observations using three different high-resolution spectrographs. By combining these data with previously reported Doppler data Petigura et al. 2016; Grziwa et al. 2015) , we placed mass constraints on the planets in five K2 systems: K2-3, K2-19, K2-24, EPIC 204129699 and EPIC 205071984. This paper is organized as follows. In Section 2, we present our transit candidate search pipeline and follow-up target selection which led us to the five K2 systems. Section 3 summarizes the instruments and the details of our Doppler observations. Section 4 describes the methods we used to analyze the Doppler observations. Section 5 contains the results of our analysis for each planet candidate host. Section 6 discusses the implications of our results in a broader context.
K2 PHOTOMETRY AND TARGET SELECTION
The five systems presented in this paper have all been reported previously. They were also independently identified by the K2 collaboration in which many of us participate, which is known as ESPRINT ("Equipo de Seguimiento de Planetas Rocosos INterpretando sus Tránsitos" or the "Follow-up team of rocky planets via the interpretation of their transits"). The production of calibrated and detrended K2 light curves by the ESPRINT collaboration was described by Sanchis-Ojeda et al. (2015) . The light curves were searched for transiting planet candidates with two algorithms. We employed the Box-Least-Squares routine (Kovács et al. 2002; Jenkins et al. 2010 ) using the optimal frequency sampling described by Ofir (2014) and Vanderburg et al. (2016) . We also employed a Fast-Fourier-Transform method (Sanchis-Ojeda et al. 2014) suitable for detecting short-period planet candidates (< 1 day). We then removed false positives by looking for the alternating eclipse depths associated with the primary and secondary eclipses of eclipsing binaries, and secondary eclipses deep enough that they could only be caused by a secondary star rather than a planet.
Candidates that passed these initial tests were then selected for Doppler follow-up observations based on their scientific interest and measurement feasibility. Regarding scientific interest, we preferentially selected systems containing subNeptunes (R < 4 R ⊕ ), because their internal compositions and formation pathways are poorly understood. In order to estimate the planetary radius, we combined the measured transit depth with the stellar parameters derived from broadband photometries. Systems with multiple transiting planet candidates, especially those close to mean-motion resonances, were given higher priority in our selection process. Multicandidate systems are less likely to be false positives (Latham et al. 2011; Lissauer et al. 2011 ) and transit timing variation (TTV) analysis of these systems may unveil the orbital configurations and offer an independent way of measuring masses.
With the consideration of measurement feasibility, we only selected targets brighter than V ≈ 13. Another factor affecting the feasibility of Doppler mass measurements is the level of stellar variability of the host star. Stellar activity such as spots and plages introduces radial-velocity perturbations on a characteristic timescale of the stellar rotation period. We tried to anticipate the level of rotation-induced radial velocity perturbations using the approximation:
where δF/F is the observed fractional photometric variation and P rot is the rotation period, both of which were estimated from the K2 data. We did not pursue systems for which δRV rot was significantly higher than the anticipated Doppler signal. Using these criteria, we selected a few targets per K2 campaign for Doppler follow-up observations.
DOPPLER OBSERVATIONS
The Doppler observations presented in this paper were obtained with three spectrographs: the High Accuracy Radialvelocity Planet Searcher (HARPS) at the ESO La Silla 3.6m telescope, the Carnegie Planet Finder Spectrograph (PFS) on the 6.5m Magellan/Clay Telescope at Las Campanas Observatory in Chile, and the Tillinghast Reflector Echelle Spectrograph (TRES) on the 1.5m Tillinghast telescope at the Smithsonian Astrophysical Observatory's Fred L. Whipple Observatory on Mt. Hopkins in Arizona.
HARPS is an échelle spectrograph that employs the simultaneous-reference method to achieve precise Doppler observations with long-term stability (Mayor et al. 2003) . The spectral coverage of HARPS spans 378-691 nm and it has a spectral resolution of ≈115,000. The instrument is sealed in a vacuum container to maintain stability against temperature and pressure fluctuations. We used the Fabry-Perot etalon for simultaneous wavelength calibration. The exposure times ranged from 20-45 min. The signal-to-noise ratio (SNR) of the stellar spectra obtained near a wavelength range of 5500 Å ranged from 20-50. Radial velocities and uncertainties for our targets were derived using the standard HARPS Data Reduction Software.
PFS employs an iodine gas cell to superimpose wellcharacterized absorption features onto the stellar spectrum. The iodine absorption lines help to establish the wavelength scale and instrumental profile (Crane et al. 2010) . The detector was read out in the standard 2 × 2 binned mode. Exposure times ranged from 15-20 min, giving a SNR of 50-140 pixel −1 and a resolution of about 76,000 in the vicinity of the iodine absorption lines. An additional iodine-free spec -0  20  40  60  80  100  Time (days, BJD trum with higher resolution and higher SNR was obtained for each star, to serve as a template spectrum for the Doppler analysis. The relative radial velocities were extracted from the spectrum using the techniques of Butler et al. (1996) . The internal measurement uncertainties (ranging from 2.5-4 m s −1 ) were estimated based on the scatter in the results to fitting individual 2 Å sections of the spectrum.
TRES is a fiber-fed échelle spectrograph with resolving power of 44,000 and wavelength coverage 390-910 nm. Wavelength calibration is achieved using exposures of a Thorium-Argon hollow cathode lamp through the science fiber before and after each observation. The relative velocities reported for EPIC 204129699 in this paper were derived by cross-correlating the individual observations against the strongest observation, which thus defines the velocity zero point. The mean SNR per resolution element for the ten observations reported here was 40, the average exposure time was 10 minutes, and the average internal error estimate, derived from the scatter of the velocities for the individual échelle orders in each observation, was 15 m s −1 . Some of the orders were not included in the velocity determinations, either because the orders were contaminated by telluric lines introduced by the Earth's atmosphere, or the exposure level in the order was too weak, typically at the shortest wavelengths.
RADIAL VELOCITY ANALYSIS
We modeled the Doppler measurements for each system as the sum of Keplerian radial velocity signals, one for each planet candidate identified in the K2 photometry. We fixed the orbital periods and times of inferior conjunction at the values derived from K2 photometry. We allowed the Doppler semiamplitude K induced by each planet to be a free parameter, with a uniform prior. We note in particular that we did not require K to be positive. If we knew our model to be correct in all relevant details, and had a fundamental understanding of the uncertainties in the data points, the proper Bayesian approach would be to use a prior on K that precludes negative values because they correspond to unphysical solutions (negative planet masses). However, given that our model may fail to include significant effects arising from stellar activity or additional planets, we opted not to place a prior on K that would rule out negative values. In this way, when we find K < 0 we will know the model is missing important sources of radial-velocity variation.
For each system we performed two fits: one in which the orbits were assumed to be circular, and one with eccentric or- Almenara et al. (2015) ; black circles are new PFS data). In each case, the modeled contributions of the other two planets has been removed, before plotting.
bits. In the first case, the radial velocity perturbation due to each planet is specified only by its Doppler semi-amplitude K. For eccentric models, the eccentricity e and argument of periastron ω are also needed. To guard against the bias towards non-zero eccentricity (Lucy & Sweeney 1971) , we used the fitting parameters √ e cos ω and √ e sin ω. For each observatory, we included a constant velocity offset γ and a jitter parameter σ jit to subsume additional astrophysical and instrumental sources of apparent radial-velocity variation in excess of our internally-estimated measurement uncertainties. We also tested whether the inclusion of a constant acceleration termγ improved the model fit.
We adopted the following likelihood function: -The bisector span (BIS) and radial velocity variations from HARPS, for the K2-3 system. The color coding shows the SNR of the stellar spectra obtained near a wavelength range of 5500 Å. The uncertainty in the BIS was assumed to be twice the uncertainty in the radial velocity measurement. The Pearson correlation coefficient and the corresponding p-value were calculated to be 0.36 and 0.018. This suggests the presence of stellar activity signal, as the p-value indicates that the observed degree of correlation has only a 2% chance of being produced by uncorrelated noise. See text for details. where RV (t i ) is the measured radial velocity at time t i ; M(t i ) is the calculated radial velocity at time t i for a particular choice of model parameters; σ i is the internal measurement uncertainty; σ jit, k is the jitter for the kth instrument; N RV,k is the number of observations obtained with the kth instrument and N ins is the number of instruments involved for each system. Uniform priors were adopted for all model parameters.
We maximized the likelihood using the Nelder-Mead ("Amoeba") method as implemented in the Python scipy package. To determine the parameter uncertainies and covariances, we employed a Markov Chain Monte Carlo method. We used the affine-invariant ensemble sampler proposed by Goodman & Weare (2010) and implemented in the Python package emcee (Foreman-Mackey et al. 2013) . We started 100 walkers in a Gaussian ball surrounding the best-fitting model parameters as obtained from the maximum likelihood estimation above. We stopped the walkers after 5000 links and checked the convergence by ensuring that the Gelman- Rubin potential scale reduction factor (Gelman et al. 1993) dropped below 1.03. We report the median of the marginalized posterior distribution, and defined the uncertainty interval based on the 16% and 84% percentile levels of the cumulative distribution.
We assessed the statistical significance of eccentric orbits and constant acceleration terms using the Bayesian Information Criterion, BIC = −2 × log(L max ) + N log(M), where L max is the maximum likelihood, N is the number of parameters and M is the number of observations (Schwarz 1978; Liddle 2007) . As another measure of the significance of various models, we also report the root-mean-square (RMS) of the radial-velocity residuals for comparison with the RMS of the original radial velocity measurements.
To test whether the best-fitting model is likely to be dynamically stable, we calculated the orbital separations in units of mutual Hill radius: 
where M in and M out are the masses of the inner and outer planets and a in and a out are their semi-major axes. For twoplanet systems, we used the analytical criterion for stability: Gladman 1993) . For systems with three planets, we used heuristic criterion for long-term dynamical stability proposed by Fabrycky et al. (2014) : ∆ 1 + ∆ 2 > 18 where ∆ 1 and ∆ 2 are calculated respectively for the inner and outer pair of planets.
By modeling the observed Doppler shifts as the sum of Keplerian radial velocity signals, we implicitly assumed that gravitational interaction between planets can be ignored. We tested and ultimately justified this assumption by experimenting with a fully dynamical (N-body) model obtained from the 4th order Hermite integration scheme that is available on the Systemic console (Meschiari et al. 2009 ). By maximizing the likelihood function with this dynamical model, we found that the best-fitting system parameters were consistent with those derived from our simpler multi-Keplerian model. We then examined the deviations between the radial velocities calculated -The bisector span (BIS) and radial velocity variations from HARPS for the K2-24 system. The color coding shows the SNR of the stellar spectra obtained near a wavelength range of 5500 Å. The uncertainty in the BIS was assumed to be twice the uncertainty in the radial velocity measurement. The Pearson correlation coefficient and the corresponding p-value were calculated to be -0.14 and 0.70. The large p-value suggests no significant correlation between BIS and radial velocity variations. in the dynamical model and the radial velocities in the Keplerian models. Over the timespan of our observations, the maximum deviation occurred for the K2-19 system and had a numerical value of 0.47 m s −1 , which was much smaller than the uncertainties in the Doppler data (≈3.8 m s −1 ). For all the other systems, the deviations were an order of magnitude smaller.
Some of the Doppler observations were conducted during an expected transit of one of the planets. Due to the scarcity and relatively large uncertainties of Doppler data, we did not attenmpt to model the Rossiter-McLaughlin (RM) effect in detail. Rather, we assessed the likely amplitude of the RM effect, and excluded from consideration the data for which the RM effect would make a significant contribution to the overall radial velocity. We estimated the RM amplitude with the following equation:
where b is the impact parameter of the transit, R p /R is the radius ratio between the planet and the host star, and v sin i is the projected rotational velocity of the stellar photosphere. For planets for which ∆RV RM was at least comparable to the measurement uncertainty, we chose to omit the data points taken during the calculated transit intervals. The planets that were affected were K2-3b, K2-19b, EPIC 205071984b and EPIC 205071984c . In order to test whether the observed Doppler signal could be associated with stellar activity, we plotted the measured Doppler shifts against the bisector span (BIS, defined by Queloz et al. 2001 ) derived from the cross-correlation functions of the obtained HARPS spectra. (Bisector data is not available for the other spectrographs.) We also calculated the Pearson correlation coefficient between the radial velocity and BIS, and the corresponding p-value which is roughly the probability that an uncorrelated process would produce a data set with a correlation coefficient at least as large as the observed coefficient. The BIS varies as a result of the deformation of stellar absorption lines induced by stellar activity. The gravitational pull of a planet should not change the BIS. Therefore, a strong correlation between BIS and Doppler shifts suggests that the observed Doppler shifts are the result of stellar activity rather than the gravitational influence of the planet.
INDIVIDUAL TARGETS
5.1. K2-3 K2-3 or EPIC 201367065 is a nearby M0V star with three transiting planets (Crossfield et al. 2015) . The planets are on 10.1, 24.6 and 44.6 day orbits with radii of 2.18 ± 0.30 R ⊕ , 1.85 ± 0.27 R ⊕ and 1.51 ± 0.23 R ⊕ . The outermost planet may lie within the habitable zone. The host star is relatively bright (V = 12.17 ± 0.01) and small (R = 0.561 ± 0.068 R ), thus making the system a favorable target for the James Webb Space Telescope (JWST). These planets have been validated by Crossfield et al. (2015) , Sinukoff et al. (2015) and Beichman et al. (2016) through adaptive optics imaging and Spitzer transit observations.
We observed K2-3 with PFS from January 28th to April 11th, 2015. We gathered a total of 31 spectra. The typical internally-estimated measurement uncertainty was 2.5 m s −1 . Initially we modeled only the PFS data, and the results were not constraining. For all three planets, we could only place upper bounds on the masses:
). Nevertheless, the PFS data did serve as an independent check of the measurements reported by Almenara et al. (2015) : measurements with an average uncertainty of 2.9 m s −1 . For all three planets, the PFS results were consistent with the HARPS results.
We then performed a joint analysis using both the PFS and HARPS datasets. We started with the simplest model, assuming circular orbits. The radial-velocity residuals of the bestfitting model showed substantial temporal correlation. Specifically, the most prominent peak in the Lomb-Scargle periodogram of the radial velocity data occurred at 20.6 ± 1.6 days, with a false alarm probability (FAP) of 5.6 × 10 −3 . This same peak remained the strongest in the periodogram of the radial-velocity residuals after subtracting the best-fitting model. Meanwhile, the stellar rotation period is 40 ± 10 days, based on the Lomb-Scargle periodogram of K2 light curve. This suggests that the temporal correlation in the radialvelocity residuals might be caused by radial velocity perturbations induced by stellar activity. The BIS and the observed radial velocity variations from HARPS also showed substantial correlation (see Fig 3) . The Pearson correlation coefficient and the corresponding p-value were calculated to be 0.36 and 0.018, indicating that the observed degree of correlation has only a 2% chance of being produced by uncorrelated noise.
To account for the effects of stellar variability, we tried the following strategy. We added to the model a series of sinusoidal functions of time with periods corresponding to the lowest harmonics of the stellar rotation period (P rot , P rot /2, P rot /3, etc.). We imposed a prior on P rot (40 ± 10 days). The amplitudes and phases of the sinusoids were allowed to float freely. In order to decide on the number of harmonics to include, we used the BIC as a determinant. The model with the lowest BIC was selected. After experimenting with different numbers of sinusoids to model the stellar activity signal, we found that none of the models with sinusoidal stellar activity signals yielded a lower BIC number than the original model. In other words, the models with additional sinusoidal variability representing stellar activity did not improve the fit by enough to justify the increase in the number of parameters. Additionally, the orbital period of K2-3d and the stellar rotation period (45 and 40 days) are close to one another. Thus, the amplitude of the radial velocity signal from K2-3d and the amplitude of rotation-induced radial velocity perturbation are highly degenerate. A much longer time series would be required to disentangle the signals from K2-3d and stellar activity. Therefore, we reverted to the original model (see Fig. 1 and 2) and concluded that the mass of K2-3d cannot be constrained with the data at hand. The results for the other planets are M b = 8.1
The standard deviation of the radial velocities was 5.5 m s −1 . After subtracting the best-fitting three-planet model, the standard deviation of the residuals was reduced to 4.7 m s −1 . We then allowed for non-zero eccentricity. The mass constraints changed to: M b = 7.7 Table 1 . The eccentricity of planet b was constrained as e b = 0.21
−0.12 , while the eccentricities of the planet c and d were unconstrained. The circular model had a more favorable BIC than the eccentric model. In each case, the modeled contributions of the other two planets has been removed, before plotting. In the best-fitting model, planet c has a negative mass, an unphysical result that probably arises from astrophysical or systematic noise.
K2-19 or EPIC 201505350 is a G9V star with three transiting planet candidates. The outer two planets ("b", with radius 7.74 ± 0.39 R ⊕ ; and "c", 4.86 +0.62 −0.44 R ⊕ ) have periods of 7.9 days and 11.9 days. They are within or near a 3:2 meanmotion resonance (MMR). These two planets were first reported by Foreman-Mackey et al. (2015) . Vanderburg et al. (2016) and Sinukoff et al. (2015) later revealed a third planet candidate in the system: "d", with a radius of 1.14 ± 0.13 R ⊕ and an orbital period of 2.5 days. Note that the planet candidates were named based on the order in which they were discovered, rather than orbital distance. K2-19b and K2-19c have been validated using transit-timing variations and adaptive-optics imaging (Armstrong et al. 2015; Narita et al. 2015; Sinukoff et al. 2015) . The transit candidate K2-19d has not been validated in this manner, but the false positive probability is expected to be low because it is associated with a star already known to have multiple transiting planets. We observed K2-19 from January 28th to July 3rd, 2015, with PFS. We obtained a total of 61 spectra. The average internally-estimated radial velocity uncertainty was 5.0 m s −1 . We also observed K2-19 with HARPS from June 12th to June 30th, 2015, obtaining 8 spectra. The average internallyestimated radial velocity uncertainty was 3.8 m s −1 . Our radial velocity analysis started with the simplest model, assuming circular orbits for each planet candidate. The radialvelocity residuals showed strong temporal correlation, similar to the case of K2-3. Specifically, the most prominent peak in the Lomb-Scargle periodogram of the radial velocity data occurred at 21.6 ± 1.1 days with FAP = 1.7 × 10 −3 . This is similar to the stellar rotation period of 20.4 ± 2.7 days, which was estimated based on the K2 photometry. Thus, the 21.6 ± 1.1 day signal in the RV data seems likely to be caused by stellar activity. We did not observe a significant correlation between the measured RV and the BIS (see Fig 6) but the test is not conclusive, given that only a few HARPS data points were obtained.
To account for the rotation-induced radial velocity perturbations, we experimented with the following strategies. We separated the Doppler observations into groups of 12-day duration and allowed each group to have an independent radial velocity offset. A similar grouping strategy was employed by Howard et al. (2013) to disentangle the planetary signal of Kepler-78b (P b ≈ 0.35 days) from the stellar activity signal (P rot ≈ 12.5 days). This grouping strategy is most effective when there is a clear separation in timescales between the planetary signal and the stellar activity signal. This separation is not as extreme for K2-19 as it was for Kepler-78b. The stellar rotation period of K2-19 is about 21 days, while the orbital periods of the planets are 2.5, 8 and 12 days. Nonetheless, the stellar rotation period of 21 days is still about twice as long as the longest orbital period of the planets. The choice of grouping in 12-day intervals was made such that each group covered at least one orbital period of the outermost planet. Therefore it should largely preserve the planetary signals. We also tried to model the stellar activity signal explicitly as a series of sinusoidal functions at the lowest harmonics of the stellar rotation period, but for our final analysis we adopted the grouping approach (see Fig 4 and 5) . This is because the grouping approach produced a better fit to the data as indicated by a ∆BIC of 43 for 68 data points. Additionally, the sinusoidal approach may not be appropriate for the case of K2-19, because the rotation-induced radial velocity perturbations might not remain coherent over the observation span of half a year (≈8 rotation cycles).
The radial velocity signals of K2-19b and c were clearly detected with semi-amplitudes K b = 9.6 (95% conf.) . We tested the long-term dynamical stability using Equations 3 and 4. The best-fitting model has ∆ 1 + ∆ 2 ≈ 28 > 18, consistent with stability. For comparison, we also report the various results without applying the 12-day averaging method in Table 2 .
We also tried an eccentric model. The masses of planets b and c increased slightly while the constraint for planet d remained as an upper bound (see Table 2 ). The eccentricities of planet b and c were both consistent with zero, with upper bounds of e b < 0.66 (95% conf.) and e c < 0.82 (95% conf.). Obviously the eccentricity of planet d was not constrained, either. Petigura et al. (2016) reported the discovery of K2-24, a G9V star with two sub-Saturn planets close to (or within) a 2:1 MMR. The orbital periods are 21 and 42 days. They measured the planetary radii to be R b = 5.68 ± 0.56 R ⊕ and R c = 7.82 ± 0.72 R ⊕ by fitting transit models to the K2 light curves. They were also able to validate the planets with adaptiveoptics imaging and Doppler spectroscopy. They measured the masses, M b = 21.0 ± 5.4 M ⊕ and M c = 27.0 ± 6.9 M ⊕ , based on Doppler data obtained with Keck/HIRES. They obtained 32 spectra with a typical internally-estimated radial velocity uncertainty of 1.7 m s −1 . We observed K2-24 with PFS from June 25th to July 3rd, 2015, obtaining a total of 16 spectra. The average internallyestimated radial velocity uncertainty was 1.7 m s −1 . We also monitored K2-24 with HARPS from June 17th to September 11th, 2015, obtaining 10 spectra. The average internallyestimated radial velocity uncertainty was 2.1 m s −1 . We initially modeled the PFS and HARPS data only, as an independent check of the results reported by Petigura et al. (2016) . This led to mass constraints of M b = 30.0 Fig. 7 and 8) . Petigura et al. (2016) found it necessary to include a constant acceleration term,γ = −22.5 ± 9.2 m s −1 yr −1 , to obtain a satisfactory fit. This may indicate the presence of an additional companion in the system. Our joint analysis led to reduced significance of this acceleration:γ = −12 +10 −10 m s −1 yr −1 . In particular, the HARPS data which spanned ≈3 months seem to disfa-vor a constant acceleration (see Fig. 7 ). When we allowed for non-zero eccentricity for both planets, the best-fitting planet masses increased slightly (see Table 3 ). The eccentricity constraint for the inner planet's orbit was 0.24 +0.10 −0.11 (Petigura et al. 2016, 0.24 +0.11 −0.11 ). The eccentricity of the the outer planet's orbit was consistent with zero with an upper bound of < 0.58 (95% conf.) (Petigura et al. 2016 , < 0.39 (95% conf.)). We adopted the circular models as they were favored by a ∆BIC of 14.
K2-24
We checked if the observed radial velocity could be caused by stellar activity. The Pearson correlation coefficient and the corresponding p-value were calculated to be −0.14 and 0.70. The large p-value suggests that there is no significant correlation between BIS and radial-velocity variations (see Fig 9) . The standard deviation of the radial velocity data was 6.2 m s −1 , while the standard deviation of the residuals after subtracting the best-fitting circular model reduced to 3.2 m s −1 . The separation between the two planets, in units of their mutual Hill radius, is ∆ ≈ 16.9 (as defined in Equations 3 and 4). This is well above the minimum value of 2 √ 3 that is needed for dynamical stability, according to the criterion of Gladman (1993).
EPIC 204129699
EPIC 204129699 is G7V star with a 1.26-day hot Jupiter. Grziwa et al. (2015) modeled the K2 photometry and found that the transit trajectory of the planet likely grazes the stellar limb (b = 0.9 − 1.05). They also measured the planetary mass to be M b = 1.774 ± 0.079 M Jup using Doppler observations obtained with FIES and HARPS. We obtained 7 PFS spectra from June 26th to July 3rd, 2015, and 10 TRES spectra from April 10th to May 11th, 2015. The average internallyestimated radial velocity uncertainties for PFS and TRES were 1.5 m s −1 and 16 m s −1 , respectively. To improve on our knowledge of the stellar parameters for EPIC 204129699, we also obtained a high-SNR spectrum with the High Dispersion Spectrograph (HDS) on the Subaru 8.2m telescope on May 30, 2015. From the measurement of equivalent widths of iron lines (Takeda et al. 2002) , we estimated the stellar atmospheric parameters as T eff = 5384 ± 46 K, log g = 4.410 ± 0.060, and [Fe/H] = 0.21 ± 0.03. We also analyzed the 10 TRES spectra using the procedure described by Buchhave et al. (2012) and Buchhave & Latham (2015) . The results (T eff = 5445 ± 49 K, log g = 4.52 ± 0.10, and [Fe/H] = 0.16 ± 0.08) were consistent with the HDS values. We thus opted to combine these measurements to obtain a weighted average of T eff = 5412 ± 33 K, log g = 4.44 ± 0.05, and [Fe/H] = 0.20 ± 0.03. These atmospheric parameters were then converted into estimates for the stellar mass and radius using the empirical relations presented by Torres et al. (2010) . Using these relations and Monte-Carlo sampling (Hirano et al. 2012a) we obtained M = 1.000 ± 0.064M and R = 0.986 ± 0.070R . These stellar parameters are consistent with the Yonsei-Yale stellar-evolutionary models (Yi et al. 2001) .
By analyzing our PFS and TRES data, we measured the mass of EPIC 204129699b to be M b = 1.856 ± 0.084 M Jup . This is consistent with the results of Grziwa et al. (2015) . We then analyzed our PFS and TRES data jointly with the published FIES and HARPS data from Grziwa et al. (2015) . The result for the planet mass is M b = 1.857 ± 0.081 M Jup . The RMS of the measured radial velocities was 262 m s −1 , whereas the RMS of residual radial velocities was reduced to 18.2 m s −1 . Given the short tidal circularization timescale that is expected for such a close-in orbit, the assumption of a circular orbit seems justified. Indeed, our joint analysis favored the circular model over the eccentric model by ∆BIC of 15 for 25 data points, and placed an upper limit on the eccentricity as < 0.027 (95% conf.). See Fig. 10 and 11 and Table 4. 5.5. EPIC 205071984 EPIC 205071984 is a G9V star with three transiting planet candidates reported by Vanderburg et al. (2016) and Sinukoff et al. (2015) . The inner planet is on a 9-day orbit with a radius of 5.38 ± 0.35 R ⊕ . The outer two planets have radii of 3.48 ± 0.97 R ⊕ and 3.75 ± 0.40 R ⊕ and they are within or close to a 3:2 MMR, with orbital periods of 20.7 and 31.7 days. Adaptive-optics images obtained by Sinukoff et al. (2015) revealed several nearby faint sources; however, through a careful analysis of the K2 pixel data, those authors demonstrated that the dimming events cannot be associated with those faint sources, and are most likely associated with EPIC 205071984.
We monitored EPIC 205071984 with PFS from June 25th to July 3rd, 2015, obtaining 6 spectra. The average internallyestimated radial velocity uncertainty was 2.4 m s −1 . We also observed EPIC 205071984 with HARPS from April 5th to July 7th, 2015, obtaining 43 spectra. The average internallyestimated radial velocity uncertainty was 2.6 m s −1 . Our analysis started with the simplest model assuming circular orbits. The residuals suggested a positive linear trend with time. We added a term to the model representing a constant acceleration, which improved the model fit by ∆BIC ≈ 12 (see Figs.12 and 13) . The resulting mass for planet b was M b = 21.1 +5.9 −5.9 M ⊕ corresponding to a 3.5σ detection. We did not detect planets c and d. In fact, the best-fitting model suggested an unphysical negative mass for planet c (see Fig. 13 ). We therefore only report upper limits for planet c and d: M c < 8.1 M ⊕ and M d < 35.0 M ⊕ both at a 95% confidence level. The RMS of the measured radial velocities was 7.9 m s −1 , whereas the RMS of residual radial velocities was reduced to 4.2 m s −1 . The Pearson correlation coefficient between RV and BIS is −0.26 with p = 0.094 (see Fig. 14) .
The constant acceleration term was constrained asγ = 34.0 +9.9 −9.7 m s −1 yr −1 . If this trend is associated with another companion in the system, we can estimate the order of magnitude of M sin i as function of semi-major axis a. Assuming a circular orbit and M sin i M , thenγ ≈ G M sin i/a 2 . The data suggest that the companion's mass and semi-major axis are such that
We then tried allowing for eccentric orbits for the three planets. The mass of planet b increased to 25.0 +7.4 −7.0 M ⊕ , while the upper bounds on planet c and d also increased slightly (see Table 5 ). We found that the eccentricity of planet b was consistent with zero with an upper bound of <0.43 (95% conf.). Due to non-detection of the signals from planet c and d, their eccentricities were unconstrained.
6. DISCUSSION Fig. 15 shows all of the reported measurements of mass and radius for planets smaller than 4R ⊕ , from our own sample and from the literature. To convey the statistical significance of the measurements, we have set the opacity of the data points in proportion to the quadrature sum of the SNR of the radius and mass measurements for each planet. Darker symbols correspond to higher SNR. We have also plotted theoretical massradius relationships for various compositions, from Zeng & Sasselov (2013) .
K2-3 is a favorable target for JWST owing to the fact that the host star is relatively bright (K s = 8.561 ± 0.023) and small (R = 0.561 ± 0.068 R ). Our analysis has confirmed the mass measurement of the innermost planet K2-3b by Almenara et al. (2015) : they found M b = 8.4 ± 2.1 M ⊕ while we find M b = 8.1 +2.0 −1.9 M ⊕ . Because we adopted a slightly different stellar mass from that reported by Almenara et al. (2015) , a more direct comparison is between the measured velocity semi-amplitudes K. Almenara et al. (2015) Using the model of Zeng et al. (2015) , the measured mass and radius of K2-3b suggests that the planet may contain up to 60% H 2 O with 40% MgSiO 3 . Should the presence of H 2 O be confirmed by spectroscopic follow-up, interesting questions will be raised. How did the planet acquire its water? Did it form beyond the snow line and migrated inward? Or did it form in situ and acquire its water from cometary impacts? For K2-3c, our analysis placed a upper bound of <4.2 M ⊕ with 95% confidence. This upper bound is not strong enough to allow for firm conclusions about the composition, but it is at least suggestive of a composition similar to or less dense than pure rock. As we noted in the previous section, the proximity of the orbital period of K2-3d and the stellar rotation period (45 days and 40 days) makes it difficult to disentangle the planetary signal of K2-3d and the stellar activity signal in Doppler observations. A much longer time series would be required.
K2-19 presents a rare opportunity to compare the results of the RV method and the TTV method for planetary mass measurement. So far the majority of exoplanets have their mass measured with one or the other of these two methods. The TTV method seems to be yielding systematically smaller masses than the RV method (Weiss & Marcy 2014) . To illustrate this, we have used different colors in Fig. 15 to represent mass measurements based on the TTV and Doppler methods. Many of the planetary systems unveiled by TTV analysis have surprisingly low densities (Lissauer et al. 2013; Schmitt et al. 2014; Masuda 2014; Jontof-Hutter et al. 2014) . Steffen (2015) attributed the discrepancy to selection effects: for a given planet size, the RV method tends to pick up the more massive planets, while the TTV method is less strongly biased toward massive planets. This is because the proximity to MMR amplifies the TTV signal, thus making smaller planets detectable. Lee & Chiang (2015) offered a related explanation. Since the TTV method is more sensitive to planets in MMR, and convergent disk migration tends to produce planets in resonant pairs, it is possible that the TTV planets are more likely to have undergone disk migration. Consequently, the TTV planets tend to originate further out in the protoplanetary disk. The outer, thus colder and optically thinner part of the disk is more conducive for the formation of low density planets ("super-puffs"), because the gaseous atmosphere of these planets can readily cool and contract thereby allowing more gas to be accreted. Therefore, TTV planets more likely have lower densities.
As always it is useful to have at least some systems where more than one measurement technique can be applied. The comparison of TTV and RV measurements for a single system has only been achieved in a few cases: Kepler-11 (Lissauer et al. 2013; Weiss et al. 2015) , WASP-47 (Becker et al. 2015; Dai et al. 2015) and Kepler-89 (Hirano et al. 2012b; Masuda et al. 2013; Weiss et al. 2013) . For the former two systems, the TTV and Doppler methods agree within reported uncertainties. However, for Kepler-89 the TTV mass measurement by Masuda et al. (2013) is lower than the Doppler mass measurements reported by both Hirano et al. (2012b) and Weiss et al. (2013) . In the former case the discrepancy is 1σ and in the latter case it is nearly 4σ.
K2-19 offers another opportunity to compare TTV and RV mass determinations. The system has been analyzed with the TTV method by Narita et al. (2015) and Barros et al. (2015) . Using the analytical TTV model presented by Deck & Agol (2015) , Narita et al. (2015) found M c = 21.4 ± 1.9 M ⊕ . This is in agreement with our RV mass: M c = 25.6 Barros et al. (2015) derived masses for K2-19b and c by analyzing the short-term synodic signal ("chopping") in the TTV of the system with a photodynamical model. 20 The results were M b = 44 ± 12 M ⊕ and M c = 15.9 ± 7.0 M ⊕ . These results were based on an assumed stellar mass of 0.918 +0.086 −0.070 M , whereas we assumed 0.93 ± 0.05 M based on work by Sinukoff et al. (2015) . To facilitate comparison, we rescaled our results under the same assumption for the stellar mass as Barros et al. = 0.42 ± 0.12. The ratio can be directly constrained based on the observed synodic chopping signal for mildly eccentric, nearly coplanar systems (Nesvorný & Vokrouhlický 2014; Deck & Agol 2015) . In contrast, in our RV analysis, the mass ratio is relatively poorly constrained ( . The low density suggests that the planet most likely contains a subsantial H/He envelope. Due to the small size of planet d, our current dataset only placed an upper limit on its mass. More observations are needed before we can discuss the nature of planet d. Petigura et al. (2016) found the masses of K2-24 b and c to be M b = 21.0 ± 5.4 M ⊕ and M c = 27.0 ± 6.9 M ⊕ . Based on the masses, radii and irradiation levels of the two planets, they were able to estimate the relative envelope-to-core mass ratio by fitting the data with models by Lopez & Fortney (2014) for the interior compisition and thermal evolution. They found that the two planets have similar core masses: 17.6 ± 4.3 M ⊕ and 16.1 ± 4.2 M ⊕ , while having different envelope mass fractions of 24 ± 8% and 48 ± 9%. The results of their analysis posed intriguing questions about the formation scenarios of the two planets. How did the planets avoid runaway core accretion with core masses of ≈16 M ⊕ ? Why did they end up with such disparate envelope-to-core mass ratios? Our analysis has confirmed and refined the mass measurements of the two planets: M b = 19.8 Petigura et al. (2016) . However, it does not alter the basic picture painted by Petigura et al. (2016) . EPIC 205071984b has very similar properties as K2-24b. Again, its low density suggests a substantial gaseous envelope. The upper limits for EPIC 205071984 c and d, M c < 8.1 M ⊕ and M d < 35.0 M ⊕ both at a 95% confidence level, are reasonable for Neptune-sized planets.
The mass of EPIC 204129699b was measured with relatively high precision: 1.857 ± 0.081 M Jup . However, due to the 30 min time averaging of the K2 photometric data and the grazing trajectory of the transiting planet, the uncertainties in the transit parameters are larger than usual (Grziwa et al. 2015) . As a result, the planetary radius (and mean density) are relatively poorly constrained. Given that the host star is relatively bright (V ≈ 11), a priority for future work should be ground-based transit observations with better time sampling, which will help to break the degeneracies. 
